The effect of nitrogen ͑N͒ doping on the behavior of field emission, surface energy and the band structure of strontium titanate ͑SrTiO 3 ͒ thin films coated on silicon tip arrays has been examined in detail. Measurements using x-ray photoelectron spectroscopy, ellipsometry, water contact angle and field emission testing revealed that the optimal 50%-nitrogen partial pressure ͑P N ͒ could improve substantially the threshold field of electron emission of the SrTiO 3 films accompanied with narrowed band gap, lowered surface energy and work function and a negative energy shift of the N 1s level from 404 to 396 eV. Results evidence consistently the presence of the nonbonding lone pairs and the lone pair induced antibonding dipoles upon tetrahedron formation which is responsible for the observations. At P N below and above the optimal value physisorption and hydrogen bond likes formation like to occur.
I. INTRODUCTION
In recent years, extensive studies have been carried out on searching materials for the cold cathode field emission and on processing techniques for fabricating field emitter arrays. Materials with lower effective work functions ͑⌽͒ are preferred in field emission according to the FowlerNordheim ͑FN͒ theory. Therefore, surface is usually functioned by chemical reaction to improve the field emission of a specimen. [1] [2] [3] In many occasions, the carbon-based materials 4, 5 had been proven to be one of the excellent candidates which can be very efficient to enhance the emission current and the stability of the field emitters. In order to reduce the work function or the threshold electric field of carbon based materials, efforts 6, 7 have been made by introducing dopant into emitter materials besides the geometric design to enhance their performance. In 1996, Okano et al. 8 discovered that nitrogen addition can significantly reduce the effective work function of the chemical-vapor-deposited diamond thin film, and its threshold electric field is even lower than that doped with boron and phosphorous. It is suggested 9 that the doped nitrogen atom would form a quasitetrahedron with surrounding host atoms through bonding and nonbonding interactions associated with the production of electronic holes and antibonding dipoles. These events add corresponding features of density of states ͑bonding electrons, nonbonding lone pairs, antibonding dipoles, and holes͒ to the valence band of the host material. The enhanced electron emission originates therefore from the antibonding states which are located at energies above Fermi level. 10 Recently, it was demonstrated 11, 12 that the ferroelectric thin films coated on silicon tip arrays could enhance the electron emission behaviors. Preliminary study has revealed that nitrogen addition could improve the electron emission behaviors of SrTiO 3 thin films. In this article, we will report our detailed study of the effect of nitrogen addition on the band structure, surface energy, and the field emission behavior of the sputtered SrTiO 3 thin films.
II. EXPERIMENTAL DETAILS
The process for preparing the N-doped SrTiO 3 thin films using a sputtering technique has been detailed in Ref. 13 . Briefly, the N-doped SrTiO 3 thin films were deposited onto HF-cleaned n-type Si tip arrays grown on Si ͑100͒ wafer at an Ar+ N 2 mixture ambient with nitrogen contents from 0% to 100% in the vacuum chamber. The N-doped SrTiO 3 thin film was about 12 nm thick. The contact angle measurement was performed in the ambient atmosphere using a commercial contact angle meter ͑Dataphysics OCA 20͒. The water droplets about 3 l were used and the contact angles were measured at different locations on the film surface. The optical band gaps of the films were deduced using Woollam variable angle spectroscopic ellipsometer in the wavelength range of 270-800 nm with 2 nm interval. X-ray photoelectron spectroscopy ͑XPS͒ measurement was performed using a VG ESCALAB 220i-XL instrument with Al K␣ x-ray source ͑1486.6 eV͒. The pass energy of the analyzer was set to 20 eV to achieve high energy resolution. The binding energy was referenced to the C 1s line at the binding energy of 285.0 eV. The field emission stabilities of coated Si emitter arrays were recorded in a home-made automatic characterization system at the current level of 1 A. The variation of the current with time was recorded for 1800 s with an interval of 2 s. Figure 1͑a͒ shows the typical plots of emission-current density versus electric field ͑J − E͒ for silicon-tip arrays with SrTiO 3 coatings, which were deposited in different nitrogen contents from 0% to 100%. The results indicate that the threshold electric field of electron emission is highly correlated with the nitrogen content in the sputtering ambient. As the nitrogen was introduced into the sputtering chamber, the film initially shows slightly increased threshold electric field compared to the SrTiO 3 without N doping. When the nitrogen content is increased from 10% to 50%, the threshold electric field was lowered and reached the minimum value of 17.37 V / m. Further increasing nitrogen content to 100%, the threshold electric field turned to rise to a value of 27.96 V / m.
III. RESULTS AND DISSCUSSION
The variation of the threshold electric field originates from the effective work function ͑ e = / ␤͒ of the SrTiO 3 coatings with the same field-enhancement factor. The FN equation was applied to characterize the emission data and the corresponding FN plots are shown in Fig. 1͑b͒ . The measured emission current conforms to FN behavior with a linear ln͑I / V 2 ͒ vs 1 / E plot. Previous scanning electron microscopy images 12 showed that the sharpness of the silicon tip was not changed upon the SrTiO 3 films being coated. Therefore, it is reasonable to assume the same field enhancement factor for both the SrTiO 3 -coated tip and the bare silicon tip. The effective work function of silicon-tip arrays with SrTiO 3 coatings can be derived from the ratio of the FN slope of silicon tips with coatings to bare silicon tips as SrTiO 3 = Si ͑FNSL SrTiO 3 / FNSL Si ͒ 2/3 , where FNSL is the slope of the FN plot. By using the FN slope data of uncoated silicon tip and silicon work function ͑4.1 eV͒, the effective work function of the silicon-tip arrays with SrTiO 3 coatings can be calculated, as given in Table I . The effective work functions of silicon-tip arrays coated with SrTiO 3 deposited under different nitrogen contents varies from 2.09 to 3.68 eV. The film deposited at the optimized nitrogen ambient of 50% exhibits the lowest effective work function.
The stability of emission current from silicon-tip arrays coated with SrTiO 3 thin films was also investigated as a function of nitrogen content. Figure 2 illustrates the variations of emitted current of the films deposited at different sputtering ambient as a function of time. The emission current were examined at the current level of 1 A using a computer-controlled data acquisition system. The coefficient of variation is used to measure the degree of dispersion of the average current. The corresponding average electrical current ͗I͘, standard deviation ⌬I and the coefficient of variation, ͑CV= ⌬I / ͗I͒͘ are also listed in Table I . It is shown that the coefficient of variation could remain at a low level when the nitrogen content is below 50%. Further increasing nitrogen content, the current stability becomes poorer compared to those deposited at relatively lower nitrogen partial pressure. Nitrogen incorporation into SrTiO 3 films would associate with the changes of their physical properties also, such as the surface energy that quantifies the disruption of chemical bonds occurring when a surface is created. The surface energy of N-doped SrTiO 3 thin films was characterized by contact angle measurement of the wetting behavior of pure water droplets on the surface. Figure 3 shows the correlation between the contact angle and the threshold electric field of the films deposited at the ambient with different nitrogen contents. It is interesting that the contact angle has a maximum value at the 50%-nitrogen ambient and change oppositely to the trend of the threshold electric field as a function of nitrogen partial pressure. This finding indicates clearly the correlation between the surface energy and the work function or the threshold electric field of N-doped SrTiO 3 upon nitrogen addition. The highest contact angle corresponds to the lowest work function.
In order to determine the chemical states of nitrogen atoms in the SrTiO 3 thin films deposited at different nitrogen ambient, we also investigated the nitrogen contents of the films and nitrogen bonding states using XPS measurement. The nitrogen chemisorption states in the lattice were identified by N 1s core-level spectroscopy, as shown in Fig. 4 . It is obvious that the nitrogen bonding states in the N-doped SrTiO 3 films are sensitive to the deposition ambient. These spectra represent two peaks of N 1s centered on around 396 and 404 eV. With 10% and 25% nitrogen addition, the N 1s peak at higher-binding energy around 404 eV appears which can be ascribed as the poorly screened final state for molecularly chemisorbed N 2 .
14 When the nitrogen content is increased to 50% or higher, the lower-binding energy around 396 eV appears corresponding to the atomic ␤-N state. 15 This energy shift indicates that high nitrogen pressure indeed leads to the nitrogen substitution at oxygen sites 16 and the formation of Ti-N bonding because the peak at 396 eV is corresponded to N 1s peak of TiN. 15 We believe that the rich lone pairs and the lone-pair-induced dipoles will reduce the crystal field through screening and hence the negative energy shifts of the N 1s level. Nitrogen atomic ratio of the thin films estimated from the XPS data is about 14.28%, 3.31%, 3.35%, 3.63%, and 4.94% corresponding to 10%, 25%, 50%, 75%, and 100% nitrogen content in the sputtering gases based on measured peak areas and atomic sensitivities. Figure 5͑a͒ shows the ͑␣h␥͒ 2 versus photon energy ͑h␥͒ derived from the ellipsometer spectra of SrTiO 3 thin films with different amounts of nitrogen addition, where ␣ is the absorption coefficient, h is Planck's constant, and ␥ is light frequency. It is well known that the fundamental absorption refers to the valence-band to conduction-band transition, from which the optical band gap ͑E g ͒ can be estimated by assuming a direct transition between the valence and the conduction band. 17 Therefore, the band gap energy E g of the sputtered SrTiO 3 film can be estimated by applying the Tauc relation
where C is a constant. The optical band gap of N-doped SrTiO 3 films deposited at 0%, 10%, 25%, 50%, 75%, and 100% nitrogen content can be determined around 4.29, 4.41, 4.11, 3.86, 3.89, and 3.85 eV, respectively. The relationship of optical band gap and nitrogen partial pressure is shown in Fig. 5͑b͒ . It is seen that the optical band gap decreases at low nitrogen partial pressure and remains constant when the nitrogen partial pressure is 50% and above. According to the effective work function listed in Table  I , the influence of nitrogen doping on the Fermi level shift could be estimated. It is found that the Fermi level shifts up for N-doped SrTiO 3 thin films with increasing nitrogen content in the sputtering gas, and then moves back when it is above 75%. The shift ͑⌬E F ͒ of the E F with respect to that of pure SrTiO 3 film is around −0.45, 0.25, 0.35, −0.77, and −1.24 eV, corresponding to the films deposited with P N =10%, 25%, 50%, 75%, and 100%, respectively. The valence band spectra of N-doped SrTiO 3 films deposited in different nitrogen content are shown in Fig. 6 . The binding energy of valence band maximum ͑E VBM ͒ could be determined by extrapolating the leading edge of the valence band spectrum to its base line. 18 The E VBM of SrTiO 3 films deposited in Ar and Ar-N 2 mixture ambient with nitrogen content of 10%, 25%, 50%, 75%, and 100% is around 2.11, 2.07, 2.02, 2, 2.19, and 2.16 eV, respectively. Considering the shift of the E F , the influence of nitrogen addition on the VBM shift ͑⌬E VBM ͒ of the N-doped SrTiO 3 films relative to pure SrTiO 3 can be derived by 
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The obtained ⌬E VBM for the films is 0.41, −0.34, −0.46, 0.85, and 1.29 eV, for nitrogen content is 10%, 25%, 50%, 75%, and 100%, respectively. The negative value indicates an upward-shift of the VBM. According to the E g and the VBM shift ⌬E VBM , the corresponding shift of the conduction band minimum ͑CBM͒ ͑⌬E CBM ͒ of the N-doped SrTiO 3 films with respect to SrTiO 3 can be derived from the following relation:
The obtained ⌬E CBM is −0.29, 0.16, 0.03, −1.25 and −1.73 eV, for specimens grown under P N =10%, 25%, 50%, 75%, and 100%, respectively. The CBM shifted upward while deposited at 10% −50% nitrogen ambient and then shifted downward with further increasing nitrogen content. The derived E g , ⌬E F , ⌬E VBM , and ⌬E CBM vs P N are summarized in Table II . The polycrystalline N-doped SrTiO 3 deposited at 50%-nitrogen ambient exhibits narrow band gap, upwards-moved Fermi level and downwards-moved CBM, which are suggested to enhance the field emission of the N-doped SrTiO 3 coated Si tip arrays.
These observations can be understood in terms of the bond-band-barrier correlation mechanism. 19, 20 According to the bond-band-barrier correlation, nitrogen atom would hybridize its sp orbital upon interacting with another element B and form a quasitetrahedron through four directional orbitals in a solid phase during the film deposition. During this process, nitrogen atom would capture three electrons from other atoms and then its 2s and 2p shells would be fully occupied with eight electrons that will repopulate in the four directional orbitals. Therefore, three of the four hybridized orbitals are occupied by shared electron pairs ͑bonding orbitals͒. The remaining one orbital is occupied by the lone electrons pairs of nitrogen ͑nonbonding orbital͒. The neighboring atom is likely to be polarized by the lone pair and becomes a dipole associated with an expansion of size and elevation of energy of the polarized electrons that occupy the antibonding energy levels. The cluster bonding ͑bonding electrons, nonbonding lone pairs, antibonding dipoles, and holes͒ results in a change of density of states. From the band structure point of view, the nonbonding lone pair states of N 3 locate below E F and the antibond derived density of state is located at energy above the E F due to the energy rise of the polarized electrons, which is responsible for the reduction of the local work function and the N-enhanced electron emission. Therefore, the presence of antibonding states is of virtual importance to the enhanced field emission. However, upon being overdosed with nitrogen, nitrogen will consume the polarized electrons from the dipoles and the dipole becomes + / dipole and then an hydrogen-like ͑H-like͒ bond ͑N −3 − B +/dipole :N −3 ͒ forms. The "-" and ":" represent the bond and the lone pair, respectively. The antibonding states above E F will be reduced and hence the work function is restored. The production of H-like bond at surface due to nitrogen overdosing has a detrimental effect on the effective work function. So appropriate nitrogen doping would be necessary to avoid H-like bond formation that could raise the work function and the surface energy.
The narrowed optical band gap and N-enhanced field emission behaviors under different nitrogen content conforms the bond-band-barrier correlation prediction. It is noted that molecularly absorbed N 2 had a little effect on optical band gap, the enhanced electron emission behaviors and the N 1s level energy under low nitrogen content. However, the optical band gap and the threshold electric field at 50%-nitrogen ambient is reduced rapidly because N is bound to Ti which is believed to induce the formation of the nonbonding and antibonding state near Fermi level. The nonbonding states of N −3 located between the valence band edge of O and Fermi level are suggested to result in a reduction of the band gap of the N-doped SrTiO 3 which coincide with the result of optical band gap as we discussed earlier. However, as for the N-doped SrTiO 3 thin films deposited at 10% and 25% nitrogen partial pressure, nitrogen dopant is only molecularly adsorbed with poorly screened and hardly interact with the band state of SrTiO 3 in the lattice, and thus are unlikely to be effective for narrowing the band gap. The antibonding state is located above the Fermi level to reduce the work function. But the formation of antibonding state is very sensitive to nitrogen content. Actually, upon the nitrogen content in the thin film is increased to 3.69% or higher, the threshold electric field and work function was increased rapidly. The reduction of enhanced field emission behaviors verified the prediction of the bond-band-barrier correlation which ascribed it to formation of H-like bonds at the film surface from antibonding dipoles due to overdose nitrogen doping.
Surface energy measurement also provides an indirect evidence for the presence of antibonding dipoles induced by nitrogen doping. According to the bond-band-barrier correla- tion theory, with the formation of nonbonding lone pair, and the lone-pair-induced antibonding dipole, the energy of polarized electrons will rise to higher energy levels because the polarization provides additional energy to the polarized electrons and the surface energy will be lowered from the raised chemical potential. In this work, it is found that at 50%-nitrogen ambient, surface energy and the work function reached the minimum value. The contact angle measurement is believed to provide direct evidence for the presence of the antibonding state.
IV. SUMMARY
The nitrogen doping effect on the threshold electric field of silicon tips coated with SrTiO 3 thin films has been examined. The mechanism of bonding and band-forming may provide a feasible mechanism for N-enhanced threshold electric field in cold cathode emission because of the presence of the lone-pair-induced antibonding states above the Fermi level. Water contact angle measurements provide further evidence for the presence of antibonding state induced by nitrogen doping. By changing the P N value, the Fermi level, the VBM, and the CBM of the N-doped SrTiO 3 thin films could be altered considerably. The polycrystalline SrTiO 3 thin film deposited at 50%-nitrogen ambient exhibits narrow band gap, upwards-moved Fermi level and downwards-moved CBM, which are believed to contribute the enhanced field emission of N-doped SrTiO 3 coated Si tip arrays. Further increasing nitrogen partial pressure would result Fermi level to move downwards rapidly, which deteriorates the electron emission accordingly.
